Introduction
Decarburization and not dephosphorization is the main metallurgical reaction in the final stage of refining in a converter containing pretreated hot metal, and oxidation of the iron and manganese must be retarded. Diffusion of carbon in the metal bath is the rate-determining step for the decarburization reaction at blow end in the converter. Thus, the following are important for accelerating the decarburization rate: a) Securing sufficient bath agitation to maintain a rapid transfer of the carbon in the bulk steel melt to the reaction interface. b) Lowering the equilibrium carbon content. c) Avoiding addition of excess oxygen gas which can be consumed in oxidation of the metal. The blowing sequence in the final stage of refining in the converter has been improved by adopting various measures suggested by these three items. For example, in the bottom blown converter, the oxygen gas flow rate is decreased 1) (item c)), whereas in the top and bottom blown converter, the inert gas flow rate is increased 2,3) (item a)), inert gas is added to the oxygen gas 3) (items a), b)), or the bottom blowing gas is changed from oxygen to inert gas 4) (items a),b)).
On the other hand, several indexes such as ISCO, 5) BOC, 6) I, 7) and ICO 8) have been proposed to explain the metallurgical reactions in the final stage of refining and were used to compare various oxidizing refining furnaces and design the respective blowing sequences. In this, attention was restricted to decarburization or dephosphorization. However, it is also necessary to predict the behavior of other elements, especially manganese, in order to ensure optimum manganese ore addition in the converter. [9] [10] [11] In this paper, the authors investigated the metallurgical reactions in bottom blowing of mixed gas instead of pure oxygen in the final stage of refining as a means of enhancing the decarburization rate and reducing manganese oxidation. A numerical analysis of the reaction among multiple components such as carbon, manganese, iron, and oxygen was then carried out to predict the metallurgical reactions in an actual operation quantitatively.
Experiments

Experimental Procedure
Experiments were conducted using a 250 t commercial top and bottom blown converter process known as K-BOP (Kawasaki Basic Oxygen Process). The bottom blowing gas was changed from oxygen to a mixed gas of oxygen and nitrogen, and top blowing was stopped below a carbon con- A theoretical study of the reaction rates of carbon, manganese, and oxygen was made, and the computational results were compared with experimental results from a commercial plant to enable prediction of the enhancement of the decarburization rate in the final stage of refining by bottom blowing with mixed gas. A reaction model which combines the stoichiometric and equilibrium relationships among carbon, manganese, and oxygen and their mass transfer rates was made for decarburization as a gas-metal reaction and for manganese and iron oxidation as slag-metal reactions. It was assumed that 1) addition of inert gas through submerged tuyeres contributes to bath stirring as well as to a decrease in CO pressure, and 2) all rate determining steps in the gas-metal and slag-metal reactions are the mass transfer of carbon, manganese, or oxygen in the molten steel. Fitting the parameters under a 1/1 oxygen-nitrogen flow rate ratio, the calculated metallurgical properties in ordinary blowing (bottom blowing with pure oxygen) agreed well with the experimental results. Calculations for certain operating factors showed that the decarburization rate increases and the oxidation rates of manganese and iron decrease as the bath temperature increases and the ratio of oxygen to inert gas decreases. The contribution ratio of the gas-metal reaction relative to the slag-metal reaction in bottom blowing with mixed gas is 6 to 9 times larger than that in top blowing with mixed gas. KEY WORDS: converter; decarburization; manganese; mass transfer; model; mixed gas; bottom blowing. tent of 0.1 mass%. The total gas flow rate in bottom blowing was fixed at 230 Nm 3 /min, and the temperature of the steel melt was controlled to 1 913Ϯ10 K. The ratios of the oxygen gas flow rate to that of nitrogen in bottom blowing, (O 2 /N 2 ), were 3/1, 2/1, 3/2 and 1/1, and the treatment period was 1-2 min, as shown in Table 1 .
Experimental Results
The relationship between oxygen utilization efficiency, h (Ϫ), for decarburization defined as Eq. (1) and the oxygen-nitrogen gas flow rate ratio in bottom blowing is shown in Fig. 1 .
where, W is the mass of the steel melt (kg), C is the carbon content (mass%), t is the time (s) and Q O 2 is the oxygen gas flow rate (Nm 3 /s). The carbon content was changed from 0.04 to 0.02 mass%. It is known that h increases as the ratio of the oxygen gas flow rate to that of nitrogen decreases.
The decarburization rate in the low carbon region is generally expressed by Eq. (2).
where, C e is the equilibrium carbon content (mass%), respectively, and K is the rate constant for decarburization (s Ϫ1 ).
The driving force term, (CϪC e ), decreases as the carbon content decreases. The rate constant also decreases as the rate of bath agitation by bottom blown gas 12) becomes smaller due to a slower transfer rate of carbon in the bulk steel to the reaction interface. Increasing the ratio of the nitrogen gas flow rate to that of oxygen in bottom blowing, however, results in improved oxygen utilization efficiency for decarburization due to a) lower equilibrium carbon content caused by the lower CO partial pressure and b) compensation for lack of bath agitation by bottom blown nitrogen gas. Figure 2 shows the carbon content dependence on oxygen in the steel melt for a treatment time of 2 min and O 2 /N 2 ϭ1/1. The figure also shows the case of pure oxygen blowing, i.e., O 2 /N 2 ϭ1/0. 13) The oxygen content in bottom blowing with a mixed gas is lower than in pure oxygen blowing with the same carbon content. (The calculation curves indicated by dashes will be discussed in a later chapter.) Fig. 3 will also be discussed later.)
Theoretical Analysis
Reaction Model for Bottom Blowing with Mixed Gas in Final Stage of Refining in Converter
The schematic flows of gas (CO), metal (C, Mn, O), and slag (FeO, MnO) are shown in Fig. 4 . The main assumptions for describing these flows and the reactions in the final stage of refining in the converter are as follows: 1) The reactants considered are restricted to carbon, manganese, iron, and oxygen. 2) Reduction of iron oxide and oxidation of manganese are caused by slag-metal reactions, whereas decarburization is caused by a gas-metal reaction. where, the suffixes G/M and S/M indicate gas-metal and slag-metal, respectively, and C, O, Mn, CO, MnO, FeO, and e mean carbon, oxygen, manganese, carbon monoxide, manganese oxide, iron oxide, and equilibrium, respectively. O, Mn, and Fe are the oxygen, manganese, and iron contents (mass%) of the metal bath, respectively, and (MnO) and (FeO) are the manganese oxide and iron oxide contents (mass%) of the slag, respectively. k i j is the mass transfer rate (m/s) of component i at interface j, a i is the interfacial area (m 2 ) of interface i, r is the density of the steel melt (kg/m 3 ), T is the temperature of the liquid (K), and P CO is CO partial pressure (Pa). a i,e and N i,e are the equilibrium activity (Ϫ) and equilibrium molar fraction (Ϫ), respectively, of component i in molten slag. The carbon, manganese, and oxygen contents in Eqs. (5), (7) and (8) are presented assuming that the activity coefficient for each component is fixed at unity, because it is calculated as 0.94-1.03 (carbon), 0.98-0.99 (manganese), and 0.90-0.94 (oxygen) in the concentration region of this study.
When the flow rates of CO and inert gas are Q CO (Nm 3 /min) and Q I (Nm 3 /min), respectively, the CO partial pressure and CO gas flow rate are expressed by Eqs. (10) and (11) The authors assumed that the ratio of the mass transfer rate of carbon to that of oxygen is equal to the square root of the ratio of the carbon diffusion coefficient to that of oxygen 15) in Eq. (12) .
where, D i means the diffusion coefficient (m 2 /s), of component i. The capacity coefficient, K i j (s Ϫ1 ), is defined as follows: In previous work, one of the authors 16) found that K C G/M ϰ (Q O 2 ϩQ I ) 0.2 for decarburization of a stainless steel melt in a 5 t test converter. Thus, it was assumed that the respective capacity coefficients, K i j (s Ϫ1 ), can be expressed by Eq. (21). where, the contribution of the oxygen gas flow rate to agitation is fixed to 1/4 that of inert gas because the process is in the final stage of refining.
Calculation Procedure
The following procedure was used to obtain the time dependences of the carbon, manganese, and oxygen contents. stant at 230/60 Nm 3 /s, O 2 /N 2 is varied to 1/0, 1/1 and 1/2, and T is changed to 1 873, 1 923 and 1 963 K for calculation purposes.
Calculated Results and Discussion
Parameter Fitting
The relationships between the amount of decarburization and carbon content at the beginning of mixed gas blowing, the oxygen and carbon contents of the steel melt, and the ratio of manganese partition and (T.Fe) in the molten slag were calculated in such a way that the calculated and experimental results showed good agreement under the conditions O 2 /N 2 ϭ1/1, Tϭ1 923 K, and Q O 2 ϭQ N 2 ϭ115/60 Nm 3 /s.
were the most closely fitting values, as seen in Fig. 5,  Fig. 2, and Fig. 3 . Therefore, these parameters modified by Eq. (21) were used in calculations.
Effect of Oxygen-Nitrogen Flow Rate Ratio on
Metallurgical Reactions In Fig. 2 , the calculation of oxygen vs. carbon for O 2 /N 2 ϭ1/0 was in good agreement with the experimental results, as was that for O 2 /N 2 ϭ1/1. This means that the reaction model presented in this paper is able to predict oxygen vs. carbon in the final stage of refining in the converter.
The time dependence on the carbon, manganese, and oxygen contents for O 2 /N 2 ϭ1/0, 1/1, and 1/2 is shown in Fig. 6 . Here, the bath temperature is held constant at 1 923 K. The enhancement of the decarburization rate caused by lower O 2 /N 2 is due to an increase in the capacity coefficient for decarburization, from Eq. (21), and a decrease in the equilibrium carbon content, from Eqs. (5) and (10) . Due to the decreasing iron oxide content in the slag owing to the increase in the decarburization rate and the increasing equilibrium manganese content, manganese oxidation also decreases, as shown in Eq. (9) . The oxygen absorption rate decreases as O 2 /N 2 decreases due to the increased amount of oxygen used for decarburization and decrease in the equilibrium oxygen content, as presented in Eq. (5) .
The CO partial pressure is calculated for the carbon content in Fig. 7 . The CO partial pressure decreases as O 2 /N 2 decreases at the same carbon content.
The calculated lines of (T.Fe) in the slag are compared with the experimental plots in Fig. 8 . Both agree well, especially for O 2 /N 2 ϭ1/1. The reason why (T.Fe) decreases as O 2 /N 2 decreases is due to an increase in the amount of decarburization, which is a result of maintaining strong bath agitation and a lower CO partial pressure.
Effect of Bath Temperature on Metallurgical Reactions
The time dependence on the carbon, manganese, and oxygen contents for Tϭ1 883, 1 923, and 1 963 K is shown in Fig. 9 . In this case, O 2 /N 2 is held constant at 1/1. Rapid decarburization, slow manganese oxidation, and oxygen absorption are realized at high bath temperatures. This is because the equilibrium carbon and oxygen contents in the steel melt decrease and the manganese content increases, as seen in Eqs. (5) and (8), (9) .
The carbon content dependence on (T.Fe) in the slag was calculated for Tϭ1 883, 1 923, and 1 963 K with O 2 /N 2 held © 2003 ISIJ 
Comparison between Mixed Gas Blowing through
Top Lance and Bottom Tuyere One of the authors 17) previously investigated the capacity coefficients of the gas-metal and slag-metal reactions in experimental refining of ultra low carbon steel with top blowing of mixed gas and bottom blowing of inert gas in a 5 t test converter. K C G/M ϭ6ϫ10 Ϫ3 -9ϫ10 Ϫ3 s Ϫ1 and K O S/M ϭ 1ϫ10 Ϫ3 s Ϫ1 were obtained from the experiment. While acknowledging that it would be meaningless to make a direct comparison between these values and those presented earlier in this paper, K C G/M /K O S/M seems useful for understanding the contribution of the gas-metal and slag-metal reactions. K C G/M /K O S/M for bottom blowing with mixed gas is 0.42/(8.3ϫ10 Ϫ3 )ϭ51, whereas that for top blowing with mixed gas is (6ϫ10 Ϫ3 -9ϫ10 Ϫ3 )/(1ϫ10 Ϫ3 )ϭ6-9. The reason why the contribution of the gas-metal reaction relative to that of the slag-metal reaction in bottom blowing with mixed gas is larger than that in top blowing with mixed gas appears to be an effect of the increase in the gas-metal interfacial area which is caused by the rising gas bubbles in the steel melt. From this, it may be surmised that the gas-metal reaction is generally more active in top blowing, whereas the slag-metal reaction is more vigorous in bottom blowing.
Conclusion
A theoretical study of the carbon-manganese-oxygen reaction rate was made, and the computational results were compared with experimental results obtained at a commercial plant. The model developed in this work enables prediction of the enhancement of the decarburization rate in the final stage of refining by bottom blowing with mixed gas.
(1) A reaction model which combines the stoichiometric and equilibrium relationships among carbon, manganese, and oxygen and their mass transfer rates was made for decarburization as a gas-metal reaction and manganese and iron oxidation as slag-metal reactions.
(2) When parameter fitting was performed under an oxygen-nitrogen flow rate ratio of 1/1, the calculated metallurgical properties in ordinary blowing (bottom blowing with pure oxygen) agreed well with the experimental results.
(3) From calculations for certain operating factors, the decarburization rate increased and the oxidation rates of manganese and iron decreased as the bath temperature increased and ratio of oxygen to inert gas decreased.
(4) The contribution ratio of the gas-metal reaction relative to the slag-metal reaction in bottom blowing with mixed gas is 6 to 9 times larger than that in top blowing with mixed gas. 
